materials, there has been tremendous research done in processing and characterizing CNT-based polymer composites [8] . Most of the studies on CNTbased polymer composite processing have dealt with the primary processing. However, the secondary processing, such as machining, has been studied recently. Multiwalled carbon nanotube (MWCNT) reinforced polycarbonate composite materials were mechanically machined in a microscale to investigate the machinability of this new class of materials [9] . In order to widen the applications of CNT-based nanocomposite materials, there is a need to study precision machining techniques of such materials in meso/micro/nano scales.
Electrical discharge machining (EDM) technique is widely applied for the machining of mechanically difficult-to-cut materials including high alloy tool steels, conductive ceramics, alumina-substrates, germanium, polycrystalline diamonds, and composite materials with accuracies and finishes down to submicron ranges [10] [11] [12] [13] [14] [15] [16] . This well-established Yi Wan, Dave (Dae-Wook) Kim, Young-Bin Park, and Sung-Kwan Joo machining technique has been continuously evolving from a mere tool and die making process to a micro-scale application machining, which is considered as a non-traditional microfabrication technique for the microelectronics applications [17, 18] . Micro-EDM uses high energy electro-thermal erosion between micron-size electrode tool and workpiece electrode to melt a small amount of material on both electrodes, which are separated by a dielectric medium. Therefore, Micro-EDM is an ideal process for obtaining burr-free, machined, complex shapes and micron-size features in many materials. This paper presents a study on micro-EDM of polymethylmethacrylate (PMMA)/MWCNT nanocomposites with varying MWCNT concentrations on the material system. The nanocomposites were fabricated using a solution casting method, in which PMMA and MWCNTs were dispersed in a solvent by ultrasonication. Micrometer-scale holes were drilled through the nanocomposites with varying micro-EDM process parameters. The resulting material removal rate and hole diameter were measured. Both optical microscope and scanning electron microscope (SEM) were used to investigate characteristics of the machined holes and nanocomposite surfaces.
EXPERIMENTAL PROCEDURES 2.1 Nanocomposite sample preparations
MWCNTs (95% purity) were obtained from Sigma Aldrich (St. Louis, MO). The MWCNTs were characterized by the following dimesions: 0.5-500 µm in length, 5-10 nm in ID, and 60-100 nm in OD. Molding-grade PMMA compound (Acrylite S10/8N) was provided by Cyro (Rockaway, NJ). The polymer had a density of 1.19 g/cc and a flow index of 3.4 g/10 min. Polymer pellets were dissolved in chloroform, at volume fractions ranging from 1 to 40%, for 3 hours using a magnetic stirrer. The MWCNTs were weighed (10, 20 , and 35 wt% with respect to polymer), added to the solution, and sonicated for 2 hours. The uniform PMMA/CNT/chloroform solution was cast in a Petri dish and was air-dried for 4 hours. Upon chloroform evaporation, the mixture was subsequently dried in a vacuum oven at 60 ο C for 3 hours. Nanocomposite films were fabricated by hot pressing the dried mixture using a 10-ton hydraulic Carver press (Wabash, IN). Steel shim mold with a rectangular cutout that measures 50.8 mm by 76.2 mm was used to produce 0.127 mm-thick films. After the first hot pressing step, the film was broken into small pieces, put back in the mold, and hot pressed again, the purpose of which was to enhance MWCNT dispersion. These steps were repeated twice for each film. Even for polymer matrices containing unfunctionalized CNTs, solution casting has proven to be an effective method to produce nanocomposites with well dispersed CNTs [19] . An example is shown in Fig. 1 , which is an SEM image of a fracture surface of PMMA reinforced with 10 wt% MWCNTs.
Electrical resistivity measurement
Five specimens, measuring 50×7×0.127 mm, were cut from each nanocomposite film sample (10, 20 , and 35 wt%) using M-300 Laser Platform (laser cutter) manufactured by Universal Laser Systems (Scottsdale, AZ, USA). The resistance of each specimen was measured using a two-probe method with a Keithley 2000 multimeter (Cleveland, OH, USA). The measured resistivity data was recorded by a real-time data acquisition system implemented with LabVIEW.
Micro-EDM experimental design and procedures
For the micro-EDM drilling experiments, the Optimation Profile 42 micro-EDM machine was used. Holes were created in the PMMA/MWCNT nano- [20] .
Micro Electro Discharge Machining of Polymethylmethacrylate (PMMA)/Multi-Walled Carbon Nanotube (MWCNT) Nanocomposites
composite workpiece using a tungsten tool-electrode with a diameter of 500 μm. The low conductivity and high brittleness of the composite property make the direct machining very challenging. In order to avoid the deflection of the flexible thin film composite, a 5 mm-thick, flat aluminum carrier was put under the workpiece material as its base. Holes were created on the PMMA/MWCNT nanocomposite workpieces as determined from a design of experiments (DOE) approach to investigate the mechanism of material removal and machined quality in the micro-EDM process. A three-level factorial experimental design was used as shown in Table 1 . Based upon preliminary trial experiments [21] , the input parameters were chosen. The experimental design has four input factors, including MWCNT weight percent (wt%), input voltage, on-time ratio, and electrode rotation speed. The input voltage between the composite and the electrode varied from 55 V to 70 V. The pulse-on time ratio was employed from 10% to 50 %. All the experiments were performed at the constant pulse on-time of 1 μsec, which was found to be the least influential to the material removal on the preliminary trial experiments [21] . Machining was performed until a complete hole was created in all cases. After each micro-EDM experiment, the change in volume of the workpiece, and the machining time were recorded. The value of the material removal rate was evaluated for each condition by dividing the measured amount of material removal by the machining time.
Machined hole and surface quality assessment
Machined hole size, defined as the numerical diameter, was measured using the optical microscope (Nikon MM-40 Optical Microscope) and the scanning electron microscopy (ASPEX with Perception™ SEM) instrument. A roundness criterion specifies a tolerance zone bounded by two concentric circles within which each circular element of the surface must lie and applies independently at any plane. As shown in Fig. 2 , average hole size and roundness were measured using SEM. Machined hole surface, recast area, and machining defects were examined with SEM.
RESULTS & DISCUSSIONS 3.1 Electrical resistivity of nanocomposites
The surface resistivities of the nanocomposite films were computed using the following equation:
where R is the measured resistance in ohms, L is the distance between the probes, and W is width of the sample. The resistivities were measured on both sides of the film, and the results are summarized in Table 2 . The 10, 20 and 35 wt% loadings yielded 760 , 109, and 98 Ω/square, respectively, indicating a dramatic decreasing resistivity with increasing nanotube content. This trend is in accordance with a percolation curve typically exhibited by insulative matrices filled with conductive fillers as shown in Fig. 3 . The resistivity-filler volume percent curve is characterized by an abrupt decrease in resistivity at a filler volume fraction known as percolation threshold. Before percolation is reached the conductive fillers are disconnected, resulting in high resistivity ( Fig. 4(a) ). As more conductive fillers are added to the composite system, percolation threshold is reached, at which a percolated conductive network is formed and a noticeable insulation-conduction transition is observed (Fig. 4(b) ).
In a CNT-based nanocomposites, conduction by means of electron transfer is possible essentially through the nanotube network within the polymer matrix. The composite's resistivity thus depends on the network electrical resistance, composed of three types. The first is the CNT intrinsic resistance, ranged in values from 10 -4 ~ 10 -5 Ω-cm for SWCNTs to 10 -3 ~ 10 -4 Ω-cm for MWCNTs [2, 3, 22, 23] . Second is the inter-tube contact resistance, which varies from a few hundred to a few thousands kΩ, depending on factors such as the extent of interfacial surface and the alignment of molecules across the interface [24] . The last type of resistance, and comparatively the largest, is due to tunneling or hopping conduction [25] that takes place when there is an inter-tube gap of less then a few nm. It is intuitive that as the carbon nanotube composite is subjected to stress or strain, any or all of the three foregoing resistances could be altered.
The percolation threshold decreases dramatically as the aspect ratio of the filler particles increases [7] . This is due to the fact that longer particles cover a greater distance of the conductive pathway, while spheroidal carbon black has to form a chain of touching particles to cover the distance that fibreform filler could cover by itself.
Material removal rate (MRR) of the micro-EDM experiments
The MRR, more commonly known as the speed of the cut, refers to how fast the workpiece is removed from the cavity. The MRR is a good measure of process productivity in micro-EDM. As the electro discharge phenomena can only occur between electrically conductive materials and electrodes, the conductivity of PMMA/MWCNT nanocomposite materials determines the MRR of the process. Nanocomposite samples with 10 and 35 wt% MWNT were able to be machined with the machining conditions determined for the study. Fig. 5 illustrates the effect of micro-EDM process parameters on MRR for different MWCNT loadings. As the MWCNT loading increases in the material system, the MRR increases. Note that MRR is not proportional to the conductivity of the material systems. As described in Section 3.1, the percolation threshold of PMMA/MWCNT composites is placing between 10 wt% and 20 wt% of MWCNTs. As a result, both the 20 wt% and 35 wt% nanocomposites have approximately the same electrical resistivity. However, the MRR of 35 wt% nanocomposites shows 10 % to 200 % larger value than the MRR of 20 wt% nanocomposites depending on the micro-EDM process conditions. Unlike the monolithic materials, the MRR of PMMA/MW-CNT nanocomposite materials is not proportional to the material system's bulk electrical conductivity. The MRR is proportional to the amount of MWCNT on the material system, as shown in Fig. 5 (c) . The larger amount of MWCNTs on the gap between the electrode and workpiece creates the more frequent discharges.
The MRR increased with increasing supply voltage. Increasing the input voltage results in an increase in the power of the individual sparks. More powerful sparks will remove more material. The MRR increases with increasing pulse on-time ratio. When the pulse on-time ratio increases, discharging occurs more frequently at the given time. When Fig. 5 (b) is compared with Fig. 5 (c) , MRR at the on-time ratio of 25% is very similar to that at the on-time ratio of 50%. This means that the material removal was more efficient at the 25% on-time ratio, which is the combination of 1 μs on-time and 3 μs off-time in a pulse cycle. Increase in discharging frequency will result in decreasing pulse off-time and increasing of debris size. With insufficient pulse off-time, it is hard for the dielectric to reionize and more debris particles are sunk to the craters and resolidified [10, 21, 26] . In addition, insufficient pulse off-time will result in insufficient flushing time, more debris particles are sunk to the craters and resolidified.
Machined hole quality
Micro-EDM process parameters and workpiece materials also contribute to dimensional accuracy. Micro-EDMed hole roundness and average sizes were measured to investigate the effects of MWCNT loadings and micro-EDM input process parameters on dimensional accuracy. As shown in Fig. 6 , the micro-EDMed hole diameters range from 520 μm to 592 μm, and they are always larger than the tool electrode diameter (500 μm). In the EDM process, micron-size gaps are always found between a workpiece and a tool electrode, which provide a room for discharge to take place. In Fig. 6 , the average hole diameters decreased with increasing input voltage and MWCNT loading. It is well known that the discharge gap increases with increasing input voltage [28] . The discharge gap during the process is not a major factor determining the average hole size in micro-EDM of PMMA/MWCNT nanocomposites. In Fig. 7 , hole roundness ranges from 36 to 130 μm. Similar to hole size, hole roundness increases with decreasing input voltage and MWCNT loading. With low input voltage and low MWCNT loading, the lower MRR or the longer micro-EDM electrode engagement enlarged hole roundness. Hole roundness mainly depends on hole defects. Pitting can be found around the hole, as shown in Fig. 8 (a) . This hole defect, so called pitting, can be enlarged with longer process time due to the frequent secondary discharge sparking that occurred in the gap. At lower voltage and MWCNT loadings, the gap between the electrode and workpiece becomes smaller to generate the spark. Due to the small gap size and low debris removal rate, the debris can be accumulated in the gap, which results in the second discharge sparking and the hole defects [27] . It can be concluded that the average hole diameter of micro-EDMed PMMA/MWCNT nanocomposites is dependent more on hole defects such as pitting. Combining the hole quality results from Figs 6 and 7, the optimal process condition to produce the holes with high dimensional accuracy can be the combination of 70 V and 25% on-time ratio. Fig. 8 shows the SEM images of a micro-EDMed hole fabricated in the 35 wt% PMMA/MWCNT nanocomposite sample. Fig. 8(a) shows the entire hole. Similar to conventional EDMed surface finish [10] [11] [12] [13] [14] [15] [16] , the machined nanocomposite surface left by micro-EDM consists of thermally affected layers, which are a recast layer and the heat affected zone (HAZ). On the recast layer in Fig. 8 (b) , there appears to be evidence to indicate that MWCNTs were exposed to the machined surface. Due to MWCNTs' extremely high melting point (approximately 3680°C) relative to the matrix material's melting (approximately 255°C), MWCNTs were not melting and remained on the resolidified matrix. In ad-
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(a) a machined hole (b) recast layer Fig. 8 (c) shows solid spheres or debris, which were formed by electrical discharge during the process. The debris size ranges from several nm to 3 μm in diameter. Accumulation of small debris is found on the machined surface and some residual debris on the HAZ (Fig. 8(c) ). In micro-EDM, sparking occurs over a short period, and a small amount of material is melted. However, the off-time or cooling period took place immediately after sparking; a small amount of molten material may be resolidified back onto the surface. Fig. 8 (d) shows some interesting results. Compared with the original workpiece surface, MWCNTs were found on the workpiece surface at approximately 100 micro meters from the hole surface. During the EDM process, unmelted MWCNTs were separated from the PMMA matrix, which is melted or vaporized due to sparking with extremely high temperature. The detached CNTs are flushed away and disperse on the surface of the workpiece near the hole. 
CONCLUSIONS
Experimental investigation on the effect of material systems and micro-EDM machining conditions on machining performance, hole quality, and surface characteristics was conducted on the PMMA/MW-CNT composites. Based on the results the following conclusions were made:
• PMMA nanocomposites containing 10, 20, and 35 wt.% MWCNTs showed surface resistivities ranging from 760, 109, and 97.8 Ω/square, respectively. The decreasing trend in resistivity with increasing MWCNT loading suggests the formation of denser conductive network, and is in good agreement of a typical percolation curve of an insulating polymer/conductive filler composite.
• It was feasible to machine PMMA/CNT nanocomposite samples using the micro-EDM process. The MRR ranges up to 0.15 mm 3 /min. The MRR increases with increasing MWCNT loading. The amount of MWCNTs on the workpiece surface determines the MRR rather than the overall conductivity of the material system. The input voltage has a larger effect on the MRR than the on-time ratio does. More powerful sparks resulted from the increasing input voltage may remove more material.
• Hole quality parameters such as average hole sizes and hole roundness decrease with increasing the MWCNT loading and decreasing input voltage. Hole defects such as pitting were observed on the machined holes. The micro-EDM process condition to produce the holes with high dimensional accuracy can be the combination of 70 V and 25% on-time ratio.
• MWCNTs can be seen in the HAZ, which indicated that the EDM process just melts the polymer matrix, and merely detaches the MWCNT reinforcements. MWCNTs are exposed to the machined surface due to the melting temperature differences between MWCNTs and PMMA matrix. The detached MWCNTs are flushed away and disperse on the surface of the workpiece near the hole.
